Adiponectin, an adipocyte-derived hormone, has been proposed to show antiatherogenic properties through the inhibitory effects against various growth factors. Insulin-like growth factor-1 (IGF-1) is one of the potent mitogens, which has been considered to play important roles in both atherogenesis and plaque stabilization in accordance to the phase of atherosclerosis. The aim of this study is to elucidate the adiponectin effects on IGF-1-induced cell migration and its intracellular signaling pathways in vascular smooth muscle cells (VSMCs). In this study, we assessed cell migration and several kinase activities in cultured rat aortic smooth muscle cells (RASMCs). Adiponectin pretreatment suppressed IGF-1-induced cell migration and extracellular signal-regulated kinase (ERK)1/2 activation, which is one of the major mediators for IGF-1-induced cell migration. In RASMCs, adiponectin and 5-aminoimidazole-4-carboxamide riboside (AICAR), a 5¢-AMP-activated protein kinase (AMPK) activator, stimulated AMPK activation. AMPK activation by AICAR inhibited IGF-1-induced ERK1/2 activation and cell migration in RASMCs. On the other hand, phosphorylation of Akt and Bad, proapoptotic molecules of the Bcl-2 family, which were increased by IGF-1 stimulation, was not diminished by the pretreatment with adiponectin. It was shown that adiponectin inhibited IGF-1-induced VSMC migration through suppression of ERK1/2 activation, which might be implicated in AMPK activation. Furthermore, adiponectin selectively inhibited ERK1/2 pathway, not Akt-Bad pathway, stimulated by IGF-1. From these findings, it was implied that adiponectin suppressed IGF-1-induced VSMC migration and its signaling selectivity.
INTRODUCTION
Adiponectin is a novel adipocyte-derived hormone, which has been proposed to play an important role in the regulation of energy homeostasis and insulin sensitivity. 1 Adiponectin forms homomultimers from trimers and hexamers to high-molecular-weight (HMW) multimers. 2 It has been reported that adiponectin, especially of HMW, forms show properties against cardiovascular diseases in several epidemiological studies. A Japanese case-control study showed that patients with hypoadiponectinemia showed increased risk of coronary artery diseases and multiple metabolic risk factors. 3 In addition, a prospective study confirmed that high-serum adiponectin concentrations are associated with reduced risk of acute myocardial infarction in men. 4 As the primary cause of many fatal cardiovascular diseases is believed to be atherosclerosis, it is important to clarify the antiatherogenic properties of adiponectin. The adiponectin effects against atherosclerosis are in fact suggested by in vivo studies using adiponectin-deficient mice. 5, 6 It has been reported that adiponectin knockout mice showed severe neointimal thickening and increased proliferation of vascular smooth muscle cells (VSMCs) in response to mechanical vascular injury. 5, 6 In an in vitro study, adiponectin has been reported to suppress high-glucose-induced reactive oxygen species in vascular endothelial cells by the activation of 5¢-AMPactivated protein kinase (AMPK), which is known as a major molecule stimulated by adiponectin. 7 Another study showed that adiponectin inhibited vascular endothelial growth factor-induced migration of human coronary artery endothelial cells through AMPK pathway. 8 These studies have supported the antiatherogenic properties of adiponectin.
In the early phase of atherogenesis, VSMC migration is considered to play a crucial role. VSMC migration is induced by various inflammatory cytokines and chemokines. Insulin-like growth factor-1 (IGF-1) is known as a potent mitogen to cause VSMC migration and proliferation. 9 Several reports have indicated that IGF-1-induced VSMC migration is associated with the pathogenesis of atherosclerosis. It was shown that serum IGF-1 level was higher in the hypertensive patients with carotid plaque than in the hypertensive patients without plaque or normotensive controls. 10 Overexpression of dominantnegative IGF-1 receptor in rat carotid arteries inhibited neointimal formation after balloon angioplasty through suppression of VSMC migration and proliferation. 11 These reports revealed that IGF-1 promoted atherogenesis while causing VSMC migration. To regulate or control IGF-1-induced VSMC migration seems to be effective for preventing progression of atherosclerosis. Therefore, there are many reports on intracellular signaling pathways related to IGF-1-induced cell migration, such as protein kinase C, Nox4 and Rac1. 9, [12] [13] [14] It is reported that IGF-1-induced cell migration required extracellular signal-regulated kinase (ERK)1/2 activation and p38 mitogen-activated protein (MAP) kinase as one of the major mediators. 9, 15 Depletion of ERK1/2 activation using antisense oligonucleotide inhibited IGF-1-induced VSMC migration and proliferation. 9 It suggested that downregulation of ERK1/2 was effective for control of VSMC migration. Meanwhile, IGF-1 receptor activation inhibited oxidized low-density lipoprotein-induced apoptosis through the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway in VSMCs. 16 It was also reported that IGF-1 phosphorylated Bad, a proapoptotic molecule of the Bcl-2 family, through the activation of PI3K/Akt pathway. 17 Thus, IGF-1 is considered to cause several cell functions in VSMCs.
Adiponectin has been reported to inhibit platelet-derived growth factor (PDGF)-or heparin-binding epidermal growth factor-like growth factor (HB-EGF)-induced VSMC migration. 18 In this study, it was suggested that adiponectin partially inhibit the postreceptor ERK1/2-mediated signaling pathway of these growth factors. 18 However, it has not been elucidated yet whether adiponectin attenuates IGF-1-induced VSMC migration, or affects its intracellular signaling pathways. In this study, we investigated the effects of adiponectin on IGF-1-induced cell migration and intracellular signaling pathway in cultured rat aortic smooth muscle cells (RASMCs).
METHODS

Cells and materials
RASMCs were isolated from male Sprague-Dawley rats weighing 200-250 g and maintained in 10% fetal bovine serum and Dulbecco's modified Eagle's medium (DMEM) as described previously. 19 Cells were seeded (1-2Â10 4 
Cell migration
To assess cell migration, a modified Boyden chamber assay was performed by minor modification to the method described previously. 19 The assay was performed using Transwell chambers (6.5 mm, model 3422; Costar, Cambridge, MA, USA) with an 8-mm pore polycarbonate membrane. The underside of the polycarbonate membrane was coated with 5 mg ml À1 collagen I rat tail (3.78 mg ml À1 , model 35-4236; Collaborative Biochemical Products, Bedford, MA, USA) overnight at 4 1C. Later, the lower chamber was blocked with DMEM/0.1% bovine serum albumin for 30 min at room temperature. Growtharrested cells were harvested, washed and suspended in serum-free DMEM. Cells were added to the upper chamber of the Transwell at 5Â10 5 cells in 100 ml/ well. A total of 600 ml of serum-free DMEM was added to the lower chamber and then pretreated with or without adiponectin, PD98059, SB203580 or AICAR in the lower chamber for 30 min at 37 1C followed by treatment with or without IGF-1 in the lower chamber, and cells were allowed to migrate at 37 1C. After 6 h of incubation, the nonmigratory cells were removed from the upper surface of the membrane by scraping off with cotton swabs. Membrane was fixed with methanol, stained with Diff-Quik solution (Baxter, McGaw Park, IL, USA) and allowed to air-dry at room temperature. Later, the membrane was excised from the plastic supports with a sharp scalpel and mounted on a glass slide using Permount (Sigma Chemical, St Louis, MO, USA). Migrated cells were counted at Â400 magnification in 10 microscope fields per filter.
Preparation of cell lysate for immunoblotting and western blot analysis
Quiescent cells were treated with or without IGF-1, adiponectin, PD98059 and AICAR at indicated times and concentrations. Later, incubation media were discarded, and the cells were lysed with cell lysis buffer (20 mmol l À1 Tris-HCl, pH 7.4, 150 mmol l À1 NaCl, 1 mmol l À1 EDTA, 1 mmol l À1 EGTA (ethylene glycol bis(b-aminoethylether)-N,N,N¢,N¢,-tetraacetic acid), 1% Triton X-100, 2.5 mmol l À1 sodium pyrophosphate, 1 mmol l À1 b-glycerophosphate, 1 mmol l À1 sodium orthovanadate, 1 mg ml À1 leupeptin and 1 mmol l À1 phenylmethylsulfonyl fluoride). After freeze-thawing, lysed cells were transferred to microcentrifuge tubes, sonicated (Handy Sonic UR-20 P; Tomy Seiko Co., Ltd, Tokyo, Japan) on ice and centrifuged at 20 000 g for 20 min at 4 1C. The protein concentrations of the supernatants were measured with a protein assay kit (Bio-Rad, Hercules, CA, USA) and stored at À80 1C until performing immunoblotting.
For western blot analysis, cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and proteins were transferred to nitrocellulose membranes (Hybond-ECL; Amersham Pharmacia Biotech, Buckinghamshire, England, UK), as described previously. The membranes were blocked for 1 h at room temperature with 5% bovine serum albumin. The blots were then incubated for 12 h with anti-phospho-specific ERK1/2, anti-phospho-specific AMPK, anti-phospho-specific Akt (Ser 473 ) and anti-phosphospecific Bad antibody, followed by incubation for 1 h with a secondary antibody (horseradish peroxidase conjugated). Immunoreactive bands were visualized using enhanced chemiluminescence (Amersham Pharmacia Biotech) and were quantified by densitometry in the linear range of film exposure using a UMAX Astra 2200 scanner (UMAX Technologies, Fremont, CA, USA) and ImageJ 1.31v software.
Statistical analysis
Values are reported as the means ± s.d. from experiments performed in five different occasions. Two-way analysis of variance was used to determine the significance among groups, after which the modified t-test with the Bonferroni's post hoc test was used for comparison between individual groups. A value of Po0.05 was considered to be statistically significant.
RESULTS
Adiponectin inhibits IGF-1-induced RASMC migration
We confirmed that IGF-1 increased RASMC migration in concentration-dependent manner (1, 10 and 100 ng ml À1 ) (Figure 1a ) by a modified Boyden chamber assay as described in the Methods section. Pretreatment with PD98059 (10 mmol l À1 , 30 min), an MEK1/2 inhibitor, or SB203580 (10 mmol l À1 , 30 min), a p38 MAP kinase inhibitor, suppressed IGF-1-induced RASMC migration to the control level (Figure 1a) . To examine whether adiponectin affect on IGF-1-induced VSMC migration, growth-arrested RASMCs were treated with or without adiponectin (1 and 10 mg ml À1 ) for 30 min before stimulation with IGF-1 (100 ng ml À1 , 6 h). In this study, we used adiponectin recombinant of full-length form, which exists mainly as in plasma. 20 As shown in Figure 1b , IGF-1 (100 ng ml À1 ) increased RASMC migration (1.4-fold increase compared with the untreated control cells), and adiponectin pretreatment suppressed IGF-1-induced RASMC migration in concentration-dependent manner (1 and 10 mg ml À1 ). As it was confirmed that IGF-1-induced cell migration, at least in part, is mediated by ERK1/2 and p38 MAP kinase activation as shown in Figure 1a , we focused on the effect of adiponectin on IGF-1-induced ERK1/2 and p38 MAP kinase activation in RASMCs. As shown in Figure 2 , ERK1/2 activation stimulated by IGF-1 (100 ng ml À1 , 10 min) was significantly suppressed by adiponectin (10 and 30 mg ml À1 ) pretreatment. However, IGF-1-induced p38 MAP kinase activation was not suppressed by adiponectin pretreatment. From these results it was suggested that the inhibitory effect of adiponectin on IGF-1-induced RASMC migration was mediated by the suppression of ERK1/2 activation.
AMPK activation inhibits IGF-1-induced ERK1/2 activation and cell migration in RASMCs
Adiponectin has been reported to activate AMPK by adiponectin receptor activation in several cells. 21 Therefore, we hypothesized that AMPK is a key molecule for the crosstalk between adiponectin-and IGF-1-induced intracellular signaling pathways. In RASMCs, adiponectin (10 mg ml À1 ) and AICAR (1 mmol l À1 ), an AMPK activator, activated AMPK rapidly 2.3-and 2.5-fold increase, respectively, compared with untreated control cells. Compound C (20 mmol l À1 ) However, IGF-1 had no effect on AMPK activation in RASMCs ( Figure 3a) . As shown in Figure 3b , IGF-1-induced ERK1/2 activation was inhibited by AICAR pretreatment. It was showed that AMPK activation attenuated IGF-1-induced ERK1/2 activation in RASMCs. Moreover, treatment with compound C restored adiponectinimpaired ERK1/2 activation by IGF-1. It was suggested that the inhibitory effect of adiponectin on IGF-1-induced ERK1/2 activation was mediated by AMPK activation. As shown in Figure 3c , it was confirmed that IGF-1-induced RASMC migration was inhibited by AICAR. These results suggested that the inhibitory effect of adiponectin on IGF-1-induced ERK1/2 activation was mediated by AMPK activation by adiponectin, leading to the suppression of RASMC migration.
Adiponectin had no effect on IGF-1-induced Akt and Bad phosphorylation in RASMCs IGF-1 has been also reported to activate the Akt-Bad pathway, and to have anti-apoptotic effect. 17 To confirm the adiponectin effects on this pathway in RASMCs, phosphorylation of Akt and Bad induced by IGF-1 was examined. Phosphorylation of Akt and Bad increased by IGF-1 stimulation was not diminished by the pretreatment with adiponectin (3, 10 and 30 mg ml À1 ) (Figure 4 ). From these results, it was implied that IGF-1-stimulated ERK1/2 pathway was suppressed selectively, not the Akt-Bad pathway, by adiponectin.
DISCUSSION
In this study, we showed that adiponectin inhibited IGF-1-induced RASMC migration through suppression of ERK1/2 activation. In many cases and in various types of cells, antiatherogenic properties of adiponectin are exerted by the inhibition of deleterious stimulation such as angiotensin II, tumor necrosis factor-a (TNF-a), high glucose, several growth factors, etc. 7, 8, 22 It was shown that adiponectin protected against angiotensin II-or TNF-a-induced endothelial cell monolayer hyperpermeability. 22 In other study, it was shown that adiponectin inhibited TNF-a-induced VSMC calcification. 23 Adding to these observations, we showed that adiponectin inhibited IGF-1-induced cell migration in RASMCs (Figure 1b) . As it has already been reported that PDGF-or HB-EGF-induced VSMC migration is inhibited by adiponectin, 18 it was proven that adiponectin was a potent inhibitor for VSMC migration in response to various growth factors. In some studies, it was reported that adiponectin's inhibitory effects were due to the binding to growth factors, and that adiponectin blocked the binding between growth factors and their receptors. 18 However, as we have shown in this study, adiponectin inhibited ERK1/2 pathway and did not affect the alternative pathways, p38 MAP kinase activation or Akt-Bad phosphorylation. These results indicated that there is some crosstalk between adiponectin-and IGF-1-stimulated intracellular signaling pathways. Recently, adiponectinstimulated signaling pathways have become apparent gradually. It has been reported that adiponectin transmits signaling by binding to adiponectin receptor 1 or 2, which leads to activation of AMPK and cAMP-protein kinase A signaling. 1 The role of AMPK in adiponectin (that of exerting its salutary effects on cardiovascular function) has been strongly implicated in recent studies. 21 Adiponectin-induced phosphorylation of endothelial nitric oxide synthase (eNOS) required AMPK activation in endothelial cells. 24 Adiponectin inhibits angiotensin II, a-adrenergic receptor stimulation or pressure overloadinduced hypertrophic signaling in the myocardium through AMPK activation. 21 Indeed, we showed that AMPK activation by AICAR inhibited IGF-1-induced ERK1/2 activation and VSMC migration (Figure 3) . Consistent with our results, the inhibitory crosstalk between ERK1/2 and AMPK has been published recently. 25, 26 AMPK activation by adiponectin suppressed angiotensin II-induced cardiac fibrosis through inhibition of ERK1/2 and activation of peroxisome proliferatoractivated receptor-a (PPAR-a). 25 In NIH-3T3 cells, AICAR-stimulated AMPK activation downregulated IGF-1-or epidermal growth factordependent ERK1/2 pathway and cell proliferation. 26 As shown in Figure 3a , we confirmed that adiponectin activated AMPK in RASMCs. It was supposed that the inhibitory effect of adiponectin on VSMC migration was also because of AMPK activation.
On the other hand, the role of IGF-1 on the pathogenesis of atherosclerosis has been still controversial. As shown in Figure 4 , we confirmed that IGF-1 stimulated the Akt-Bad pathway. It is considered that IGF-1-stimulated Bad phosphorylation mediates anti-apoptotic signaling. 17 Suppression of VSMC apoptosis by IGF-1 serves to protect against plaque instability and rupture, especially in the late phase of atherosclerosis. 27, 28 According to the study using carotid artery specimens from patients with atherosclerosis, expressions of IGF-1 and IGF-1 receptor in plaque VSMCs were significantly greater in asymptomatic subjects compared with symptomatic subjects. 27 Moreover, it was reported that low-serum IGF-1 level was associated with increased risk of ischemic heart disease. 28 Gathering these evidences, it is suggested that IGF-1 has dual effects, for and against atherosclerosis. Therefore, it is desirable to downregulate the IGF-1-induced mitogenic effects in the early phase of atherosclerosis, and also to sustain IGF-1-induced anti-apoptotic signaling in the late phase of the plaque formation. However, there has been no study, either experimental or clinical, reporting success in regulating IGF-1 action on vasculatures. Unveiling the precise mechanisms of adiponectin's effects on IGF-1 signaling could serve as a new strategy for overcoming cardiovascular diseases. 
